We present the results of mechanical characterizations of many different high-quality optical coatings made of ion-beam-sputtered titania-doped tantala and silica, developed originally for interferometric gravitational-wave detectors. Our data show that in multi-layer stacks (like highreflection Bragg mirrors, for example) the measured coating dissipation is systematically higher than the expectation and is correlated with the stress condition in the sample. This has a particular relevance for the noise budget of current advanced gravitational-wave interferometers, and, more generally, for any experiment involving thermal-noise-limited optical cavities. * m.granata@lma.in2p3.fr † Current affiliation: ISORG,
I. INTRODUCTION
The experimental research devoted to the detection of gravitational waves is nowadays entering a critical phase. After having accomplished a first stage of successful operation, the largest ground-based interferometric detectors are presently undergoing a major technical upgrade towards a tenfold sensitivity improvement over the whole detection band [1, 2] .
Hopefully, this will lead to the first signal detection within the next few years, thus triggering the beginning of gravitational-wave astronomy.
In those detectors, laser interferometry is used to measure the relative displacement of large, massive suspended mirrors playing the role of gravitational-field probes: the test masses [3, 4] . In the central and most sensitive region of the detection band, around 200
Hz, the Advanced Virgo and Advanced LIGO interferometers will be limited by the thermal noise of the mirror high-reflection coatings. Also the future Einstein Telescope [5] , planned to be one order of magnitude more sensitive than advanced detectors, will be affected by this noise source as well.
The reduction of coating thermal noise is of fundamental importance. For gravitationalwave interferometers, lowering such noise would yield an increase of the detection horizon (i.e. the radius of the accessible volume of the Universe) and hence of the expected detection rate. More generally, lowering the coating thermal noise would be highly beneficial also for other precision experiments using high-finesse optical cavities, such as frequency standards for laser stabilization [6] , quantum computing devices [7] and optomechanical resonators [8] .
Thermal noise arises from fluctuations of the mirror surface under the random motion of particles in coatings and substrates [9, 10] . Its amplitude is determined by the amount of internal friction within the mirror materials, via the fluctuation-dissipation theorem [11] : the higher the loss, the higher the thermal noise level. At the same time, since the coating loss is usually several orders of magnitude larger than the substrate one, the thermal noise of the thin high-reflection coating turns out to be largely dominant over that of the thick underlying substrate. Therefore, since the first works that addressed this relevant source of noise [12, 13] , a considerable research effort has been committed to the investigation and the reduction of the mechanical loss of optical coatings 1 .
1 Assuming a given temperature and laser spot size. Otherwise coating thermal noise could be attenuated of course by lowering the temperature of the optics [14] , or by increasing the laser spot size and even by using non-Gaussian laser beams [15] [16] [17] .
The high-reflection coatings of gravitational-wave interferometers are Bragg reflectors composed of alternate layers of ion-beam-sputtered (IBS) silica (SiO 2 ) and tantala (Ta 2 O 5 ),
as low-and high-refractive-index materials, respectively. The historical reason for this choice is the low optical absorption of tantala at the typical wavelength of operation of the detectors (λ 0 = 1064 nm), as the use of this material allowed reducing the coating absorption down to about 1 ppm [18] . From the point of view of the mechanics, however, tantala proved to be substantially more dissipative than silica [19, 20] , making it the dominant source of loss in the coating stack.
Eventually, the coating loss was remarkably improved by applying a titania (TiO 2 ) doping to tantala [21, 22] . This procedure, developed by the Laboratoire des Matériaux Avancés (LMA) in Lyon, significantly decreased the mechanical loss of the high-index material of the stack. Moreover, it proved to be beneficial to its optical performances as well [23] . Very recently, for example, we measured an average absorption of 0.14 ± 0.05 ppm on the central area (∅ 160 mm) of a coating deposited on a test mass of Advanced LIGO. In the meantime, an optimization technique to dilute the loss contribution of the high-index material has also been developed [24] , further decreasing the resulting coating thermal noise [25] .
In this paper, we will present the results of mechanical characterizations of state-of-theart coatings of titania-doped tantala and silica, carried out at the LMA since 2009. This activity is part of a wide series of follow-up quality checks (surface quality, absorption and scattering among others) of the optics manufactured at the LMA, especially for advanced gravitational-wave interferometers. Within this frame, we measured the mechanical loss and the internal residual stress of a large series of samples with different features. Coatings of assorted thickness (ranging from few hundreds of nanometers to several microns) and morphology have been characterized on substrates of different geometries. Because of the large number and variety of the samples, our results constitute an important database and set the basis for further research and development of coatings of high optical quality and low mechanical loss. Besides, our measurements reveal the presence of an excess loss whose origin is still not clearly understood. A possible interpretation of this phenomenon will be addressed, and the consequences of our results will be discussed.
II. EXPERIMENT
In order to characterize the intrinsic loss of several high-reflection optical coatings, we applied the resonance method [26] on a large set of different mechanical resonators. For each of these samples, we measured the ring-down time τ of several vibrational modes, before and after the deposition of a coating stack. The calculation of the coating mechanical loss then follows straightforwardly from the measurements, provided that the the dilution factor Dthe ratio of the elastic energy of the coating to the elastic energy of the coated substrateis known [13, 27] . This coefficient is critical since it accounts for the fact that the energy loss of the coated resonator is diluted by the relatively lossless substrate. To compute this dilution factor, we performed a mechanical finite-element simulation of the coated samples.
We also used these simulations to identify the vibrational modes measured in our setups.
In parallel, we used an interferometric microscope to measure the curvature induced by coating internal stress in the coated samples. By associating each value of loss to a radius of curvature, we could study a potential correlation with mechanical loss. To determine the coating morphology, we also carried out a series of analyses with a transmission electron microscope.
A detailed description of our samples, experimental setups, measurement techniques and simulations is reported in the following. The results of the measurements are presented in Section II E.
A. Samples
The large majority of our samples is constituted by fused-silica cantilever blades provided by Heraeus 2 and optically polished by Gooch and Housego 3 and by HTM 4 , having the following dimensions: 5 mm x 42 mm, for a nominal thickness of 110 µm. High-purity fused silica (Suprasil 311) was chosen because of its very low loss at room temperature [28] , which makes it very well suited for coating characterization. These cantilevers are welded on a corner to a cylindrical clamping block of the same material, used to suspend the sample.
The welding has been performed by hand, with a hydrogen torch, by WisePower 5 .
2 heraeus-quarzglas.com 3 goochandhousego.com 4 quartz-htm.com 5 wisepower.it
The other few substrates are fused-silica disks (∅ 3") of Corning 7980 6 of a nominal thickness of 2.54 mm, micro-polished (λ/10 flatness, roughness < 0.5 nm rms) on both surfaces by General Optics 7 . The purpose of such high-quality polishing is to test the coatings on substrates with specifications as close as possible to those of substrates of gravitational-wave interferometers.
The high-reflection coatings are stacks of titania-doped tantala (TiO 2 Ta 2 O 5 ) and silica for operation at λ 0 = 1064 nm (except for only two samples designed for λ = 1529 nm). In the doped-tantala layers, the atomic ratio of Ti to Ta is approximately 1/3, as measured through Rutherford backscattering spectrometry. The thickness of each layer is either onequarter of the laser wavelength (i. e. the typical quarter-wave coating) or optimized [25] . In the latter case, the thickness of each doped-tantala layer is reduced to decrease the loss of the stack and thus its expected thermal noise amplitude, but the overall optical performances are preserved. Nonetheless, even in the optimized configuration, the coating stack consists in a periodic structure of doped tantala and silica pairs, or doublets, with the exception of the terminal layers (the bottom one is of doped tantala and slightly thicker, while the top one is the thinnest of the stack and is of silica for protective purposes). One example of such coating is the one developed by the LMA for the end test masses of the over-coupled FabryPerot arm cavities of Advanced LIGO and Advanced Virgo [29] : it features a measured transmissivity of T < 5 ppm and a measured absorption of < 0.5 ppm, having at the same time nearly the minimum expected thermal noise achievable for this given high reflectivity.
A small subset of substrates are also coated with anti-reflection stacks, for operation at the same λ 0 . In such coatings, whose transmissivity is highly sensitive to thickness errors, the number N of alternating layers is reduced to the minimum (usually 2 ≤ N ≤ 6), and the design of each layer thickness is only driven by the desired optical performances.
Another subset of substrates is coated with a quarter-wave single layer (mono-layer coating) either of titania-doped tantala or silica of varying thickness, in order to measure the intrinsic loss of each coating material composing the stacks.
Finally, some substrates have been coated on both surfaces (either with stacks or with mono-layers) in order to change the resulting internal stress of the coated samples themselves.
The complete list of the samples used in this work can be found in the tables of Section II E. gravitational-wave interferometers, with very high thickness uniformity over a large surface [30] . As part of the standard post-deposition process, all the coated samples underwent inair annealing at T A = 500 o C over 10 hours. This is necessary to decrease both the internal stress and the optical absorption of the coatings. All the measurements of curvature and mechanical loss presented hereafter have been carried out on annealed samples. is adjusted with steps of 5 µm to find the focal plane. Once the displacements ∆x and ∆z are known, the RoC R of the sample can be readily computed:
As an estimation of the sample RoC is obtained for each step along x, an average RoC with its standard deviation can be calculated. 
Mechanical loss
We used two distinct setups, both based on the resonance method, to perform ring-down measurements of all the cantilever blades and disks. The two setups only differ in the system adopted to suspend the samples. In the first apparatus, a clamping system was used to suspend the cantilever blades from the base block. In the second one, a system named Gentle Nodal Suspension [31] (GeNS) was used to suspend the disks from the center. Both systems are shown in FIG. 3. In the GeNS system, a sphere provides a mechanically stable support for the disc to be measured, thus minimizing its contact surface. Therefore, the system allows to avoid the clamping of samples, suppresses any potential additional source of damping and exhibits a high reproducibility of the results [32] . All the measurements have been performed in vacuum enclosures at p ≤ 10 −6 mbar, to prevent residual-gas damping.
In both setups, the vibrational modes ν k of the resonator are excited with an AC voltage (ranging from 0.2 to 3 kVpp, depending on the sample) applied through a comb-shaped capacitor [33] placed a few millimeters away from the surface of the sample, in order to avoid any contact. In turn, each mode k is excited well above its ambient noise level, then the excitation is turned off, leaving the resonator free to ring down. The amplitude of the resonating mode is continuously read out through an optical-lever system, where a He-Ne laser is reflected at the surface of the sample towards a quadrant photodiode used as a displacement sensor. A custom-developed software based on LabVIEW is then used to: 
Typically, we measured three to five modes per sample on cantilever blades, in the 10 1 -10
3
Hz band, and five modes on disks, sampling the 10 2 -10 4 band. As the coating loss is expected to be frequency independent [9] , the loss angles φ k of each sample are averaged to yield a measured loss φ m with its standard deviation. energy dispersive x-ray spectrometry (EDX) and electron energy loss spectroscopy (EELS).
C. Simulations
The calculation of the coating loss requires the knowledge of the dilution factor,
with E c and E s being the elastic energy stored in the coating layers and in the substrate, respectively. Preferably, we numerically computed these energies with the finite-element software ANSYS 9 . Alternatively, a simple analytic model is also available [34] . A comparison between the finite-element simulations and the analytic model is presented in Section II E. a The density of a doped-tantala mono-layer has been measured by means of Rutherford backscattering spectrometry. The density of a silica mono-layer has been deduced from mass measurements and from • the overlap length l between TC1 and the cantilever blade, set either to 0 (point-like contact) or to 1 mm same parameter set. This model provides results which are consistent with the measured resonant frequencies of a bare substrate within a 0.1-2% error, depending on the mode. By also including the coating in the simulations, the model is in agreement with the measured resonant frequencies of a coated substrate within a 2-4% error. Concerning the dilution factor, the results showed that its value does not depend on any of the above-mentioned model parameters. This may be explained by the fact that, according to our simulations, the typical distribution of the elastic energy in the vibrating coated cantilever blade is the following: less than 0.5% is in the whole clamping block (TC1 + TC2 + C) 10 , then ∼85-95%
is in the substrate and ∼5-15% is in the coating stack (depending on the coating thickness).
This result has also been confirmed by a further test, where we simulated only a cantilever blade clamped along its base. Also in this case, the dilution factor turned out to be the same. Furthermore, we found out that the dilution factor is mode independent, no matter the model used to simulate the cantilever blades.
In the case of mono-layers, the specific dilution factors (i.e. independent from coating thickness) are 37520 nm for silica coatings and 18830 nm for titania-doped tantala coatings.
For a given substrate configuration, specific dilution factors are more useful as they can be 10 In this configuration TC2 has base and top diameters equal to d 2b = 1.5 mm and d 2t = 1.2 mm, respectively, C has radius r = 2.5 mm and height h = 5 mm. a (r, a) k is the k-th mode with r radial and a azimuthal nodes.
used to calculate the dilution factors of mono-layers of any desirable thickness.
For disks, we set a mesh size of 1 mm for in-plane surface and volume elements. Along the direction of the thickness t, we set a mesh size roughly equal to t/2. For these samples the dilution factor actually depends on the mode shape, which can be classified with respect to the number of radial and azimuthal nodes. We denote by (r, a) k the k-th mode with r radial and a azimuthal nodes. In Table II are the specific dilution factors for silica and titania-doped tantala mono-layers on a 2.54 mm-thick disk of SiO 2 , as a function of the mode order.
D. Model
For a coated cantilever blade, the equation of the total loss in its simplest form reads [12, 13] 
where D is the dilution factor defined in Eq.(2), φ cs k is the measured loss of the coated sample, φ s k is the measured loss of the bare substrate and φ c k is the coating loss. In this model, any additional systematic loss (such as clamp-surface friction, residual-gas damping, etc.) is assumed to be negligible.
We could safely use Eq.(3) in our analysis, for the presence of a clamping block at the base of the cantilever blades largely reduces the clamp loss, and the GeNS system yields negligible excess damping by design. However, we wanted to modify Eq.(3) in order to test the presence in our data of a loss at the interface between the stack layers (or between the coating and the substrate in mono-layers).
We actually did not develop the model of the interface loss. One could suppose that the loss depends on the strain gradient along the direction normal to the coating, or that the loss is related to a change in the structure of the interface layer, whose thickness measurement is reported in Section II E. In order to overcome these difficulties, we decided to include an additive interface loss φ i in the total loss of the coated oscillator, where the unknown dilution factor for this additional loss is included inside φ i itself. We also assume that the energy E i of the interfaces is negligible compared to the elastic energy of the substrate and of the coating bulk. Finally, φ i is assumed to be mode independent 11 . With these hypotheses, our modified model writes 
and so the outcome of the measurements, the frequency-averaged measured coating loss angle, is
For disks, Eq.(6) is slightly different in that D ≡ D k .
We will see in the following that our data might include an interface loss, though unfortunately our set of samples is not optimal to draw any definitive conclusion on this subject.
Instead, previous works [19] have demonstrated the absence of an interface loss through the measurement of different coatings.
As it will play a crucial role in our analysis, we recall here the equation of the expected coating loss [19] of a stack,
which is defined as the linear combination of the loss measured on mono-layers: given the j-th material of the stack (j = SiO 2 , TiO 2 Ta 2 O 5 ), t j is its total thickness, Y j its Young's modulus and φ m j its mechanical loss. The thickness ratio r = t TiO 2 Ta 2 O 5 /t SiO 2 is also an important parameter to qualify each particular stack with respect to its expected loss.
E. Results
Mono-layers
The mechanical loss of mono-layers deposited on fused-silica cantilever blades can be the interface between the substrate and the coating is negligible. This is in agreement with the outcome of previous works on different coatings [19] .
A further average of the measured loss over each set of samples yields φ m SiO 2 = 4.5 ± 0.3 × 10 −5 and φ m TiO 2 Ta 2 O 5 = 2.4 ± 0.3 × 10 −4 for the silica and titania-doped tantala coatings, respectively. The silica loss is in agreement with previous estimations from resonant measurements on suspended fused-silica disks [19] and from direct broadband interferometric measurements of thermal noise on coating mono-layers [27] and stacks [37] .
Regarding the titania-doped tantala loss (already demonstrated in 2010 [23] ), however, there is a discrepancy between our result and the loss estimated through interferometric measurements of the thermal noise of coating stacks (yielding 3.7 ± 0.3 × 10 −4 ) [37] . The reasons for this discrepancy are unknown to date.
To test the influence of internal stresses on mechanical loss, two cantilever blades (GH-A7
and GH-A8) have also been coated on their second surface with a nominally identical layer, after their first measurement. The second coating is expected to compensate the curvature of the sample due to the first coating, thus determining a new equilibrium of stresses. However, according to our measurements, the second coating has no influence on the measured loss of mono-layers. In the limit of thin mono-layers, either the loss is stress independent or the effect is too small to be detected (given the precision of our measurements). 
Stacks
The results for coating stacks deposited on fused-silica cantilever blades are listed in Table   IV . On FIG. 9 we show the excess loss,
as a function of N . Indeed, FIG. 9 clearly demonstrates that the measured loss is larger than the expectation, indicating that the loss of the coating stack is larger than the linear combination of the loss of the single layers. Then Eq. (3) is no longer verified and the total loss of the oscillator must account for an additional loss term.
In order to test the existence of a loss at the interface between the layers, we draw in (6) and (7). The large dispersion in the data, however, does not allow to confirm a linear dependence.
post-coating annealing. All the samples showed residual compressive stress, denoted by a negative sign of the curvature. The graph shows that ∆ is a function of the curvature, which in turn is determined by the internal stresses in the sample. In other words, the measured coating loss seems to be unexpectedly a function of 1/R. Besides, even more surprisingly, the excess loss seems to increase exponentially with the curvature, i.e. ∆ is much larger in bent samples where the coating is in principle more relaxed.
To further test the curvature effect, we deposited a nominally identical coating stack on the second surface of the cantilever blades H-5, H-6, HTM-A108 and HTM-A125. The curvature of samples H-5 and H-6 had not been measured after the deposition of the first stack, but their bending was large enough to be appreciated by eye. After the deposition of the second stack, their RoC was so large that it could not be measured with our apparatus.
The second stack deposited on samples HTM-A108 and HTM-A125 turned out to be 5% thicker than the first one, so that the curvature did not decrease to zero as expected. In any case, for three samples out of four (H-5, HTM-A108 and HTM-A125) the deposition of the second stack noticeably decreased the measured coating loss φ m . For H-6, the loss decrease is comparable to the experimental uncertainty. These results, reported in Table V, confirm the dependence of the measured coating loss on the stress within the sample.
We also deposited the same two coating stacks (one with N = 18 with r = 0.35, the other having N = 38 with r = 0.56) on thicker fused-silica disks, to measure the coating loss in a condition of maximum stress. Because of the larger thickness, we assumed that the curvature of these substrates did not change appreciably after coating. As shown in Table VI , the excess loss is slightly lower in disks than in cantilever blades. This is a further confirmation of the stress effect on the measured coating loss.
In summary, by looking at the results of Tables V and VI, 
Interfaces
We used the FIB sample from a coating stack with N = 18 and r = 0.35 for the analyses.
The SEM and TEM imagery revealed a regular structure with no appreciable defect. Ac- The synthesis concerning our results from stacks is far more complex. We measured several thin cantilever blades, with a single or a double coating, and a few thicker disks with a single coating. A clear outcome is that the measured loss is larger than expected (provided that the expectation is correct, of course), though the cause of this loss excess is still not known. Double-coated cantilever blades and disks show similar results, but the loss excess is smallest when measured on disks.
In the attempt to understand the origin of this phenomenon, we looked first for the presence of an unknown dissipative mechanism at the interface between layers. Then, pushed by some new unexpected evidence from our results, we tested also the hypothesis of a stressdependent loss. Unfortunately, we could not conclusively prove any of these speculations.
Our TEM analyses could not determine unequivocally the steepness of the interface between the layers, though we know now that it should be 5 nm wide at the most. If any, the interface loss would be only a tiny fraction (between 1‰ and 1%, depending on the sample) of the observed excess loss. On the other hand, we could not find any simple model to satisfactorily describe the dependence of the excess loss on stress. Regrettably, it seems that we cannot proceed deeper in our analysis with the data presently in our possession.
B. Conclusions
In this work we presented the results of several years of coating characterization carried out at LMA. This database comprehends results from a large variety of titania-doped tantala and silica coatings of different thickness, number of layers and thickness ratios. The coat-ings have been characterized on fused-silica substrates of different geometries on different suspension systems.
The results for mono-layer coatings appear well assessed, globally. The measured loss of each material is constant with respect to the specificity of the samples (thickness, residual stress), as one would expect for an intrinsic loss mechanism in the material.
For coating stacks, we could not unequivocally prove the existence of a lossy interface of mixed materials between the layers. Nevertheless, our data demonstrate the existence of an excess loss which was totally unexpected from a linear combination of measured mono-layer loss. Moreover, this excess loss appears to be related to the residual stress inside the samples. a (r, a) k is the k-th mode with r radial and a azimuthal nodes.
